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Abstract 
A GRIN optic is a useful device for modern optics but is not frequently used 
outside of niche applications due to the difficulty of fabricating any arbitrary gradient 
index.  One potential solution to this fabrication problem is to use subwavelength 
metamaterials generated using lithography.  A process was developed to generate a 
subwavelength waveguide which leverages effective medium theory to behave like a 
GRIN optic.  This process was tested by generating waveguides as well as mode 
converters for converting from gaussian beams to supergaussian beams.  The results from 
these experiments show that this technique could produce mode converters with average 
Strehl ratios of 0.997 and an average transmission of 94.8% on the scale of tens of 
microns; however, it was found that these designs are not viable for modern lithographic 
fabrication techniques.  There is much to explore still with this topic such as the lower 
size limits of these designs or whether modern lithography could make a mode converter 
with this structure.
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lines are the output profiles. 
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through a Bat Ears train system designed for a 10 μm beam.  From left to right, 
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Figure 12:  Transmission spectra for both the Lens train and the Lens Block Lens 
train generated using Lumerical’s port objects.  The wavelength selectivity of the 
Lens Block Lens train is apparent.  Note that these plots were scaled to have a 
maximum value of 1 due to simulation errors causing the Lens Block Lens train to 
have transmission values over 1 and the Lens train to have about 90% 
transmission, much less than measured in previous tests. 
 
Figure 13:  Shows a screenshot of a mode converter in Lumerical’s simulation 
environment.  This mode converter is for a 10 μm 10th order supergaussian beam 
converting to a 10 μm gaussian beam after 100 μm.  It was designed to be made in 
silicon for a 1.5 μm beam with a glass cladding. 
 
Figure 14:  These are the output electric field magnitude profiles of mode 
converters designed to convert from gaussians to 10th order supergaussians.  From 
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Introduction 
A Gradient Refractive Index (GRIN) optical device is a device in which the index 
of refraction is a function of spatial positions (x, y, z).  GRIN devices with continuous 
profiles have been used in niche applications where parabolic profiles are useful, such as 
in fiber optics, for many years, but recent advancements in fabrication technology have 
made it viable to produce discrete index profiles, which are able to have arbitrary index 
profiles. 
If the index profile of a GRIN device is known, the output beam profile, given 
any input beam profile, can be predicted.  This problem can be solved in reverse for an 
index profile given an input and output beam profile.  In theory, this can be used to 
convert from one beam profile to another with zero loss.  For example, a GRIN can be 
made as an optical mode converter used to convert from a gaussian beam to a flat-top 
beam.  This allows for highly efficient mode-matching for coupling between different 
optical devices.  Other examples where a GRIN optic might be useful is in coherent beam 
combining, medical devices, and beam splitting. 
GRIN devices are widely used in communication systems.  These GRIN devices 
were fabricated with a parabolic index profile to maintain a gaussian beam.  Parabolic 
index profiles are one type of index profile which are relatively easy to produce.  This 
ease of production caused them to be used extensively for a few niche applications such 
as in fiber optic communication systems or in compact copiers.  Most other GRIN 
profiles are difficult to produce with conventional methods and thus GRIN devices have 
not been used frequently in other areas of optics.   
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The purpose of this project was to test whether an arbitrary 2D GRIN profile 
could be fabricated using a set of subwavelength lens-like structures to form a waveguide 
with a GRIN profile.  The end goal of this project was to determine if lithography was a 
viable way to fabricate one of the lens train structures. 
This thesis first gives some background needed to understand the research 
performed.  Next, the generation of a continuous GRIN block is discussed.  In this 
section, the index profiles required to maintain a gaussian beam profile as well as a 
supergaussian beam profile are predicted.  These continuous GRIN blocks are then tested 
to prove their effectiveness as waveguides.  These findings are then extended from the 
continuous GRIN block to a subwavelength waveguide GRIN device.  The performances 
of these structures are evaluated, as well as their ability to be fabricated using 
lithography. A geometry that may improve fabrication results is briefly discussed.  These 
structures are tested and compared to their continuous counterparts.  Next, the generation 
of a mode converter GRIN optic using subwavelength structures is introduced.  The 
performance of these designs is discussed, and points of further research are listed.  
Finally, a conclusion is reached, and points of further research are discussed. 
Appendices have also been included that discuss implementation of these devices 
using the FDTD simulation environment called Lumerical.  The details of how Lumerical 
functions are discussed and suggestions are given for those that would look to implement 
a similar system.  This section is intended to complement the rest of the paper and is not 
needed for the typical reader.  
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Background Information 
GRIN devices have many potential uses but are not pervasive in modern optics.  
This is largely due to the difficulties associated with fabricating a device which 
continually varies in index.  There are few methods that are able to generate truly 
continuous GRIN devices.  An example of one such method is ion exchange, which was 
one of the most widely used methods of GRIN fabrication in the 1980s.  In the ion 
exchange method, a material is submerged in a salt bath, where the ions of the salt diffuse 
into the optic [1]. This allows for the generation of parabolic GRIN profiles.  Since this 
method limits which profiles can be made, and the process for making GRIN devices in 
this manner is relatively slow, it is a non-ideal method of fabrication in most cases.  
Another method of generating a truly continuous GRIN is to pull crystals of material 
from vats of doped liquid, which gives rise to a gradient index in the pull direction as the 
relative concentration of the impurities increases in the vat of molten material [1].  This 
method does not scale well, and can be relatively costly, making it non-ideal for most 
cases. 
Continuous profiles have been used successfully for many years, however the lack 
of methods to fabricate non-parabolic GRIN devices makes them unfavorable in most 
applications.  This has led to the development of methods to make continuous-like 
gradients from discrete elements.  There are now many ways to create discrete GRIN 
profiles which behave similarly to continuous GRIN devices.  These methods of 
fabrication tend to be relatively fast compared to continuous GRIN fabrication methods, 
can make smaller devices, and allow for much more freedom in GRIN profile design. 
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One of the fundamental principles of wave physics is that when a wave hits a 
medium discontinuity, some of the wave power is reflected.  This property carries into 
optics, where the wave is an electromagnetic wave, and the medium is represented by the 
index of refraction.  This property is often described with the Fresnel equations and 
called Fresnel reflection.  When the index discontinuities are separated by a period P, and 
the wave has wavelength 2P/N, where N is an integer, then all the power from the wave 
will be reflected in an infinitely long device.  This is because the reflected waves from 
each discontinuity interfere constructively.  This property is used to reflect specific 
wavelengths of light in devices called Bragg filters.   
If the index discontinuities have a period less than half a wavelength then the 
structure still causes Fresnel reflection, as it would with periodicity larger than half a 
wavelength; but when the periodicity is this small, waves begin behaving as though they 
are passing through a continuous medium, this is called effective medium theory.  
Effective medium theory states that on small size scales relative to the wavelength, the 
discontinuous medium behaves like a single continuous material.  This is because the 
Fresnel reflections from each discontinuity interfere destructively, forcing the power of 
the Fresnel reflection to zero.  For effective medium theory-based solutions, the 
polarization of the light used in the system must be known, as different polarizations of 
light will experience a different effective medium.  The equations for the effective index 
of a periodic discontinuous medium made of two materials for a TE wave and a TM wave 
are  
𝑇𝐸:  𝑛𝑒𝑓𝑓
2 (𝑦) =
𝑛1
2𝑓(𝑦)
𝑃
+
𝑛2
2(𝑃 − 𝑓(𝑦))
𝑃
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𝑇𝑀:  𝑛𝑒𝑓𝑓
−2 =
𝑛1
−2𝑓
𝑃
+
𝑛2
−2(𝑃 − 𝑓)
𝑃
 
where P is the periodicity of the subwavelength structure, n1 is the index of refraction of 
medium 1, n2 is the index of refraction for medium 2, and f is the amount of material 1 in 
each period P [2].  For a TE wave, the effective index profile in a discontinuous medium, 
assuming non-magnetic materials, is the square root of the local geometric average of the 
permittivity.  This behavior gives discontinuous GRIN devices the ability to function as a 
metamaterial and can be leveraged to design subwavelength structures.  A metamaterial 
is a device made of subwavelength components.  Metamaterials are designed to behave 
like a single material with a property that is typically difficult to find naturally, such as 
having a GRIN profile.  The square root of the local average of the permittivity profile 
gives a continuous index profile. 
There are currently many methods to make subwavelength metamaterial-based 
GRIN devices.  One such method is chemical vapor deposition.  In this method, layers of 
material are deposited onto a surface, and a GRIN is obtained by varying the index of the 
deposited material, and continuous-like structures are made when the layers are thin with 
respect to the wavelength [1].  This method allows for the creation of GRIN profiles that 
vary in one dimension.  Another option to generate subwavelength GRIN profiles to use 
femtosecond laser writing, where the index of a material is locally changed through 
exposure with a laser, where the index change is proportional to the pulse energy [3].  
This process allows for complete control of the GRIN profile in two dimensions, but little 
to no control in the third dimension.  These are only a few methods which allow for 
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subwavelength metamaterial-based GRIN design; however most share a common issue, 
fabricating very small devices with these techniques is difficult. 
A method for fabricating very small subwavelength metamaterial-based GRIN 
devices is by use of lithography.  In lithography, structures which are small enough to be 
averaged by effective medium theory are generated through several different methods.  
One method is to etch away material after having applied a mask [4].  This allows for the 
creation of 2D GRIN devices by generating structures that give the desired effective 
index.  Another option which allows for the generation of 3D structures is liquid 
deposition photolithography, wherein patterns are cured into layers of material.  After 
curing, time is given for the diffusion of the remaining liquid sections into the cured 
sections to increase the index of the cured section, then the whole layer is cured and 
lowered, allowing another liquid layer to be patterned on top [5]. 
GRIN devices are useful because they can, in theory, have any index profile and 
perform any arbitrary optical function.  This raises the question of how to design an index 
profile for a given application.   If diffraction effects are negligible, then a 2D GRIN 
device can be designed using ray optics.  A process for generating a 2D GRIN profile 
with this method is as follows [6].  First, the desired input and output beam intensity and 
phase profiles should be determined.  From this information, the input and output profiles 
should be converted into rays, wherein the linear density of the rays is an indicator of the 
power distribution in the profile, and the direction of the ray is an indicator of the desired 
relative phase for that linear position.  The same number of rays should be used for both 
the input profile and output profile, as the next step involves connecting input rays to 
output rays.  The rays should be specified such that the linking lines do not intersect, and 
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the input/output ray angle matches the angle of the linking lines at the input/output.  
These linking lines must be continuous, have continuous second partial derivative in the 
propagation direction, have continuous second mixed partial derivatives, and have 
continuous, non-zero, mixed first derivatives.  There is not currently any optimal shape 
for the linking lines, though both sinusoids and third order polynomials have been used 
successfully.  This process gives the direction of power flow at all locations within the 
GRIN, from which the relative phase of the propagating beam can be interpreted for each 
point, as the lines of constant phase should always be perpendicular to the direction of 
power propagation.  From the relative phase profile, the GRIN profile can be found 
through the Eikonal equation. 
This method was extended further to include situations wherein diffraction is non-
negligible [7].  This method uses a split step beam propagation method to account for the 
effects of diffraction.  Split step beam propagation, combined with phase retrieval, 
produces a GRIN profile that corrects the effect of diffraction in each step. 
These methods of generating arbitrary 2D GRIN profiles have been shown to 
work well in theory, but fabrication has been problematic.  One example where a 2D 
GRIN mode converter was designed and fabricated can be found in work done previously 
by our group, where a modified femtosecond laser writing technique was used to generate 
a 2D mode converter [3].  The fabricated device was unable to successfully perform 
exactly as intended, as the fabrication process distorted the index profile causing the 
converter to work sub optimally.  This process could in theory be used to fabricate 2D 
GRIN devices, but the fabrication time for a device using this method is relatively long.   
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The goal of this research was to locate a fabrication domain in which these 
devices have potential to be fabricated quickly, cheaply, easily, and with precision.  
Inspired by recent studies of subwavelength waveguides, lithography was considered as a 
method for fabricating a GRIN device.  Modern lithographic etching techniques using 
electron beams can fabricate objects with an accuracy of 50nm [2].  Compared to other 
methods of generating GRIN structures, lithography is also fast and inexpensive.  It was 
decided that the goal of further research would be to explore the generation of GRIN 
devices using subwavelength silicon structures, leveraging effective medium theory to 
generate 2D GRIN devices. 
 Using effective medium theory and lithographic etching techniques has been 
explored previously.  Subwavelength rectangular prisms can be etched into silicon, as is 
shown in Figure 1, to form what is effectively a ridge waveguide [8]. 
 
Figure 1:  An example of a subwavelength waveguide etched in silicon.  In this geometry the waveguide 
behaves similarly to a ridge waveguide made of three separate materials. 
The subwavelength rectangular prisms in this structure are small enough to make the 
structure behave like an effective medium.  This means that the line of prisms appears to 
be a single medium with uniform refractive index.  These structures appear to be made of 
three materials: the cladding material, silicon, and a third material with an index value 
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between that of the cladding material and silicon.  Simple GRIN devices have been 
fabricated in this domain with multiple different structures as well.  As an example, 
parabolic GRIN designs have been fabricated using a subwavelength pulse width 
modulation scheme in the transverse direction of the waveguide [9].  This structure used 
subwavelength blocks with varying duty cycle in the transverse direction to simulate a 
1D GRIN structure which had a parabolic index profile with the effective medium theory 
approximation.  This method of forming a GRIN device is effective for the 1D case, as 
there are no Bragg resonances in the device because the subwavelength gratings are not 
in the direction of propagation.  Another way that lithography is used in conjunction with 
effective index theory is in photonic crystals used in transformation optics [10].  These 
structures use subwavelength GRIN optics to bend the light around the structure, making 
it invisible to specific frequencies of light. 
The Strehl ratio was used for all tests as a way of quantifying the quality of all the 
GRIN structures designed in this thesis.  The Strehl ratio was used as a metric to compare 
the similarity between the experimental beam outputs and the expected output beam.  The 
Strehl ratio should always take a real value between 0 and 1.  A ratio of 1 implies that the 
electric field of the experimental output beam is identical, or nearly identical to the ideal 
output beam.  For electric fields E and Ψ, the Strehl ratio is defined as  
𝑆𝑡𝑟𝑒ℎ𝑙 𝑅𝑎𝑡𝑖𝑜 =
|∬ 𝐸Ψ∗ 𝑑𝑥𝑑𝑦|2
(∬ |𝐸|2 𝑑𝑥𝑑𝑦)(∬ |Ψ|2 𝑑𝑥𝑑𝑦)
 
where “*” denotes the complex conjugate. 
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Continuous GRIN Guides 
Gaussian Guide 
To showcase that the subwavelength GRIN structures would behave as expected, 
a benchmark test was needed for comparison.  The goal with using subwavelength GRIN 
structures was to imitate a continuous GRIN structure, so the best way to test these 
structures was to first test how the continuous versions of these structures behaved. 
The fundamental mode of a waveguide is the electric field magnitude and phase 
profile that will propagate through the waveguide without varying.  This problem can be 
solved in reverse for the index profile needed to maintain a given beam profile.  The 
index profile needed to maintain the shape of an input gaussian beam is of the form 
𝑛2(𝑦) = 𝑛𝑜
2(1 − (𝑔𝑦)2) 
where no is the background index of the material, g is the curvature of the parabola, and y 
is the distance from the beam center. The beam propagates along the x axis, and the z 
axis is considered infinite and uniform for both the beam and the GRIN block [11].  The 
ABCD matrix for a continuous GRIN block with this parabolic index profile is given as  
[
cos(𝑔𝑙)
sin(𝑔𝑙)
𝑔
−𝑔𝑠𝑖𝑛(𝑔𝑙) cos(𝑔𝑙)
] 
where 𝑙 is the propagation length.  Since the input to the GRIN block is a gaussian beam, 
the ABCD Law for gaussian beams can be used, which states that 
𝑞𝑜𝑢𝑡 =
𝐴𝑞𝑖𝑛 + 𝐵
𝐶𝑞𝑖𝑛 + 𝐷
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where qin is the input complex curvature of the gaussian beam and qout is the output 
gaussian beam’s complex curvature [11]. Substituting in the ABCD matrix for this 
equation gives 
𝑞𝑜𝑢𝑡 =
cos(𝑔𝑙) 𝑞𝑖𝑛 + sin(𝑔𝑙) /𝑔
cos(𝑔𝑙) − 𝑔𝑠𝑖𝑛(𝑔𝑙)𝑞𝑖𝑛
. 
Since the input beam should be identical to the output beam, no matter what length block 
chosen, qout can be set equal to qin and this equation can be solved to find that 
1
𝑞𝑜𝑢𝑡
=
1
𝑞𝑖𝑛
= 𝑖𝑔. 
The complex curvature of a gaussian beam is defined as 
1
𝑞𝑖𝑛
=
1
𝑅(𝑥)
+
−𝑖𝜆𝑜
𝜋𝑤2(𝑥)𝑛
, 
where R(x) is the radius of curvature of the phase front, which is infinite at x=0; 𝑖 = √−1 
λo is the free space wavelength of the beam; w(x)=wo at x=0; and n is approximated to 
the background index no [11].  The point x=0 is called the beam waist and it is the point 
on a gaussian beam which has a flat phase front and the smallest spatial distribution of 
light.  It is assumed that the beam waist will be at the front surface of the GRIN device.  
From this information, it can be shown that  
𝑔 =
−𝜆𝑜
𝜋𝑤𝑜2𝑛𝑜
. 
Note that the negative sign on g does not affect the curvature of the parabola, as g2 is the 
curvature.  Substituting this result into the index equation, the index profile needed to 
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confine and maintain an input gaussian beam of wavelength λo and beam waist wo is 
found to be 
𝑛(𝑦) = √𝑛𝑜2 −
𝜆𝑜2𝑦2
𝜋2𝑤𝑜4
 
where no is the background index of the material, the beam waist is in or at the front face 
of the GRIN block, and the beam propagates along the x axis. 
To show that this was in fact the correct index profile to maintain a gaussian 
beam, a simulation was performed where gaussian beams of different beam waists were 
propagated through a continuous GRIN block designed to maintain a 4 μm gaussian 
beam of 1.5 μm light with a background index of 1.5.  These tests were able to show that 
the parabolic index was able to maintain the gaussian beam it was designed for, while 
gaussian beams with different beam waists were not properly maintained.  The 4 μm 
input beam had a Strehl ratio of 1, the 2 μm input beam had a Strehl ratio of 0.647, and 
the 8 μm input beam had a Strehl ratio of 0.6431. 
The results of these tests can be seen in Figure 2.  Note that the GRIN was 
designed for a 4 μm beam, and the output profiles shown are for input gaussian beams 
with waists of 2 μm, 4 μm, and 8 μm from left to right respectively.  These output beams 
are still gaussian beams but have not maintained the profile that was used at the input of 
the device.  Since these parabolic GRIN devices were found to work well, more 
complicated GRIN devices were designed to maintain a supergaussian beam profile. 
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Figure 2:  The output electric field magnitude profiles generated by propagating a gaussian through a GRIN 
designed to maintain a gaussian with a beam waist of 4 μm.  From left to right, the inputs to the GRIN are a 
2 μm beam, a 4 μm beam, and an 8 μm beam.  The dashed lines are the input beam profiles and the solid 
lines are the output profiles. 
Supergaussian Guide 
We next wanted to design a continuous GRIN waveguide for a flat top beam 
profile.  A flat top beam profile is a beam which has a uniform magnitude profile to a 
certain distance, at which point the magnitude drops to zero.  The flat top beam is often 
approximated by a supergaussian of order 10.  A supergaussian has an E field magnitude 
profile of the form 
𝐸(𝑦) = 𝐴𝑒−(
𝑦
𝑊)
𝑀
 
where A is a field scaling factor, y is the distance from the center of the beam, W is 
known as the beam waist, and M is the order of the beam.  Notice that if M=2, this is the 
equation for a gaussian.  Figure 3 shows an example of a supergaussian with M=10, 
W=1, and A=1 as well as an example of a similar flat top. 
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Figure 3:  Shows a comparison between the electric field profiles of an ideal flat top beam and a 10 th order 
supergaussian, both have maximum field amplitude of 1 and beam waist of 1. 
The continuous GRIN profile can be calculated using the paraxial propagation equation, 
𝑑2𝐸(𝑦)
𝑑𝑦2
+ 2𝑘2Δ𝑛(𝑦)𝐸(𝑦) = 0. 
Note that to use this equation, the index profile must not vary with propagation direction 
x or with the other transverse direction z, and the field is assumed to not change with 
propagation [12].  E(y) is the field of the beam and Δn(y) is defined by 
𝑛(𝑦) = 𝑛𝑜(1 + Δ𝑛(𝑦)), 
where no is the background index and n(y) is the desired index profile.  The variable k is 
the wavenumber which is defined as  
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𝑘 =
2𝜋𝑛𝑜
𝜆𝑜
. 
For all tests performed, the background index no is set to 1.5.  Solving this system of 
equations yields that  
𝑛(𝑦) = 𝑛𝑜 (1 +
𝑀(𝑀 − 1)𝑦𝑀−2𝜆𝑜
2
8𝜋2𝑊𝑀𝑛𝑜2
−
𝑀2𝑦2𝑀−2𝜆𝑜
2
8𝜋2𝑊2𝑀𝑛𝑜2
). 
Using values of M=10, W=5 μm, no=1.5, and λo=1.5, one ends up with the index profile 
shown in Figure 4. 
 
Figure 4:  Shows the Bat Ears index profile required to maintain a 1.5 μm 10th order supergaussian beam 
with a beam waist of 5 μm and a background index of 1.5.  The shape of the design beam is shown for 
reference. 
This profile has been named a “Bat Ears profile” due to its Batman-like shape.  To 
test the validity of the many approximations used to obtain this solution, this equation 
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was used to design for a gaussian beam, also known as a supergaussian beam of order 
M=2, which leads to the equation 
𝑛(𝑦) = 𝑛𝑜 (1 +
𝜆0
2
4𝜋2𝑊2𝑛𝑜2
−
𝑦2𝜆𝑜
2
2𝜋2𝑊4𝑛𝑜2
). 
This equation is easily comparable to the parabolic index profile equation outlined 
previously as 
√𝑛𝑜2(1 − 𝑔2𝑦2) = 𝑛(𝑦) = 𝑛𝑜√1 − 𝑔2𝑦2. 
This equation can be approximated using the binomial approximation to be  
𝑛(𝑦) ≈ 𝑛𝑜 (1 −
𝑔2𝑦2
2
). 
This shows that the binomial approximation of the parabolic equation is nearly identical 
to the equation derived through the paraxial propagation equation.  The only difference 
between these equations is the slight background index shift created by the center term in 
the Helmholtz derived equation.  This difference is a result of the many approximations 
used in these equations such as the paraxial approximation, the binomial approximation, 
and the scalar wave approximation.  The paraxial approximation, for example, allows for 
the background index to shift without affecting the fundamental mode shape.   
To prove that the Bat Ears equation would guide a supergaussian correctly, a 
continuous GRIN block with an index profile designed for a 10 μm supergaussian beam 
of 1.5 μm light and a background index of 1.5 was simulated using Lumerical.  Lumerical 
predicted that this structure would guide the supergaussian it was designed for nearly 
perfectly while supergaussians of different sizes were unable to propagate without their 
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field profiles changing.  The results of this test are shown in Figure 5.  The Strehl ratio 
for the 9 μm input beam was 0.9618, the Strehl ratio for the 10 μm beam was 1, and the 
Strehl ratio for the 11 μm beam was 0.9576.  This design worked very well, maintaining 
a Strehl ratio of 1. Next, the discontinuous GRIN profile design process is researched.
 
Figure 5:  The output electric field magnitude profiles generated by propagating a 10th order supergaussian 
through a GRIN designed to maintain a 10th order supergaussian with a beam waist of 10 μm.  From left to 
right, the inputs to the GRIN are a 9 μm beam, a 10 μm beam, and an 11 μm beam.  The dashed lines are 
the input beam profiles and the solid lines are the output profiles. 
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Subwavelength GRIN Guides 
Parabolic Lens Train 
The next goal was to build and test the first subwavelength GRIN structure.  The 
goal was to make a parabolic GRIN using a train of lenses with a uniform refractive 
index.  The subwavelength structures were lens shaped to generate the parabolic effective 
index profile.  The lens train was designed as shown in Figure 6. 
 
Figure 6:  The design parameters for a subwavelength lens train.  P is the lens period, W is the transverse 
width of the lens, R is the radius of curvature of the lens face, d is the distance between the centers of the 
circles which form the lens.  The lens material has refractive index n1 and the cladding material has 
refractive index n2. 
In this lens train, P represents the lens period, R represents the radius of the lens 
faces, d is the distance between the centers of curvature for each face of the lens, W is the 
transverse width of the lenses, n1 is the index of the lenses, and n2 is the index of the 
cladding, which is the material surrounding the lenses.  This geometry was converted into 
equations by observing that the lens thickness at any point along y is 
R 
d 
W 
P 
n1 n2 
R 
x 
y 
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𝑓(𝑦) = 2√𝑅2 − (
𝑦
2
)
2
− 𝑑. 
The variable d can be eliminated by knowing that 
𝑑 = 2√𝑅2 − (
𝑊
2
)
2
. 
From effective medium theory, the effective index of refraction for a TE mode is 
𝑛𝑒𝑓𝑓
2 (𝑦) =
𝑛1
2𝑓(𝑦)
𝑃
+
𝑛2
2(𝑃 − 𝑓(𝑦))
𝑃
, 
where P is the periodicity of the subwavelength structure, n1 is the index of refraction of 
medium 1, n2 is the index of refraction for medium 2, and f is the amount of material 1 in 
each period P [2].  Substituting these equations together, the resulting equation is 
𝑛𝑒𝑓𝑓
2 (𝑦) =
𝑛1
2 (2√𝑅2 − (
𝑦
2)
2
− 2√𝑅2 − (
𝑊
2 )
2
)
𝑃
+
𝑛2
2 (𝑃 − 2√𝑅2 − (
𝑦
2)
2
− 2√𝑅2 − (
𝑊
2 )
2
)
𝑃
. 
Using these equations, the parameters to make a lens train designed for a 4 μm 
beam are found, for more information, see Appendix 1.  This lens train was tested with a 
few gaussians of different beam waists and it was found that Parabolic lens train 
maintained a 4 μm beam but was unable to maintain 2 μm or an 8 μm beam, showing that 
this structure is behaving like a continuous GRIN structure.  These results are shown in 
Figure 7.  The Strehl ratio for the 2 μm beam was 0.6953, the Strehl ratio for the 4 μm 
beam was 1, and the Strehl ratio for the 8 μm beam was 0.7014.   
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Figure 7:  The output electric field magnitude profiles generated by propagating a gaussian through a GRIN 
designed to maintain a gaussian with a beam waist of 4 μm.  From left to right, the inputs to the GRIN are a 
2 μm beam, a 4 μm beam, and an 8 μm beam.  The dashed lines are the input beam profiles and the solid 
lines are the output profiles. 
This structure was also tested with a larger lens periodicity, one where the period 
between lens was large enough to make this structure behave like a Bragg reflector.  It 
was found that this structure did in fact behave like a Bragg reflector, as a large portion of 
the input beam was reflected out the front of the Lens train, and only a small percentage 
reached the back end of the Lens train. 
Bat Ears Lens Train 
 Once the Parabolic lens train was tested, the process for converting the Bat Ears 
continuous index profile into a lens train was considered.  Here, a similar methodology as 
had used in the design of a Parabolic lens train was used to generate the Bat Ears lens 
train.  Given the equation  
𝑛(𝑦) = 𝑛𝑜 (1 +
𝑀(𝑀 − 1)𝑦𝑀−2𝜆𝑜
2
8𝜋2𝑊𝑀𝑛𝑜2
−
𝑀2𝑦2𝑀−2𝜆𝑜
2
8𝜋2𝑊2𝑀𝑛𝑜2
), 
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the effective index equation for a TE wave can be used to solve for the geometry of the 
lenses 
𝑛2(𝑦) =
𝑛1
2𝑓(𝑦)
𝑃
+
𝑛2
2(𝑆 − 𝑓(𝑦))
𝑃
 
where n1 is the index of the lens; n2 is the index of the cladding; P is the lens period; and 
f(y) represents the lens thickness as a function of y, the transverse distance from the 
center of the lens [2].  This system of equations can be solved for f(y), which can be 
directly used to generate the lens surface shape.  An example Bat Ears lens train is shown 
in Figure 8. 
 
Figure 8:  a) Shows a properly scaled screenshot of a Bat Ears lens train from Lumerical. b) Shows a not to 
scale diagram for more clarity.  Note these Bat Ears lens trains are generated using a low index contrast. 
The first Bat Ears train was tested using a low index contrast between the lens 
material and the cladding material, this was done to maximize the “lens sag” between the 
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peaks of the lenses and the center of the lenses, see Figure 9 for an example of lens sag.  
By maximizing the lens sag, the odds of being able to fabricate this device using 
lithography were increased, but this was found to reduce the transverse width of the lens 
and cause a significant amount of the supergaussian to propagate outside of the lens train 
structure.   
 
Figure 9:  A diagram showcasing what is meant by lens sag.  A large lens sag is desirable, as it improves 
the ability to accurately fabricate the lens.  For a parabolic lens, the lens sag can be thought of as the lens 
thickness. 
For testing purposes, the cladding index was decreased, increasing the index 
contrast and decreasing the lens sag between the thickest parts of the lenses and the 
center of the lenses, but also increasing the transverse width of the lenses.  This was 
found to produce significantly better results in Lumerical.  A Bat Ears lens train was 
designed for a 10 μm beam and beam waists of 9, 10 and 11 μm were propagated through 
the device to test its functionality as a waveguide, for more information, see Appendix 1.  
The outputs for 9 μm, 10 μm, and 11 μm beam waists are shown in Figure 10.  The Strehl 
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ratio for the 9 μm beam was 0.9527, the Strehl ratio for the 10 μm beam was 1, and the 
Strehl ratio for the 11 μm beam was 0.9594.   
 
Figure 10:  The output field profiles from a supergaussian beam propagating through a Bat Ears train 
system designed for a 10 μm beam.  From left to right, the inputs to the train are a 9 μm beam, a 10 μm 
beam, and an 11 μm beam.  The dashed lines are the input beam profiles and the solid lines are the output 
profiles.  Note that the output profiles are scaled down to maintain conservation of energy.  
With the parameters used to generate these results, the difference in lens thickness 
between the center of the lens and the thickest point is only 15nm, implying that the Bat 
Ears in this design would not be able to be reliably made using current lithographic 
etching techniques, and were this design etched, it would likely have a nearly uniform 
effective index profile and behave like a standard subwavelength waveguide without 
gradient index properties.  To solve this problem, a new design was tested which would 
make the index contrast and lens sag more independent of each other. 
Lens Block Lens Train 
There are a few notable issues with this lens train concept.  One such issue arises 
from the approximations used.  The equations used to derive the index profiles all assume 
the system is in a regime where scalar wave theory holds.  This puts limitations on the 
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size of the objects in the simulation.  For example, the beam must be sufficiently large to 
avoid requiring vector wave theory to describe it correctly.  Secondly, the index of 
refraction of the lenses is constrained by the geometry.  Should the index of refraction be 
too small, the lenses can be forced to overlap, which produces an unrealizable system.  
The index of refraction of the lenses must also not be too large, as larger indices lead to 
the lens getting thinner to maintain the same effective index profile.  The goal of this 
project is to show that 2D GRIN structures can be made with relative ease using 
lithography.  The resolution of modern lithography is about 50nm [2], so the Bat Ears 
lens train discussed in the previous section cannot accurately be fabricated using modern 
lithography.  One last issue from this design is that the difference in index of refraction 
between the lenses and the cladding is of vital importance to producing functional 
designs.  Should this difference be too small, the transverse width of the lens train can 
become comparable to the beam waist, and a significant amount of power will be outside 
the guide, ruining its ability to guide the fundamental mode.  Should the index contrast be 
too large, the lens sag can become too small to reliably make with lithography. 
There are several solutions to get around the index and geometric constraint 
problems.  The solution explored in this thesis was to substitute a percentage of the lenses 
with rectangular blocks, as can be shown in Figure 11.   
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Figure 11:  This image shows an example of the Lens Block Lens train and the parameters which define it.  
N is the number of blocks between two lenses, Q is the thickness of the blocks, P is the period between 
blocks and lenses, W is the transverse width of the blocks and lenses, n1 is the index of the lenses and the 
blocks, n2 is the index of the cladding.  Not pictured in this diagram are the variables d and R which are 
used to define the lens shape and are identical to the variables d and R used in the lens train case. 
This design allows for larger gaps between lenses without entering the Bragg 
regime, as the distance between subwavelength structures would remain the same.  This 
would reduce the number of lenses and increase the required lensing power to maintain 
the same parabolic index profile, hence lenses must be thicker or have a higher index than 
they would in a similar parabolic lens train.  The number of blocks of material between 
each lens can be increased or decreased, giving much more freedom to the choice in 
refractive indices.  The issue with this design is that the effective index in a cluster of 
blocks will not look the same as the effective index around a lens, which should lead to 
some Fresnel reflection and reduced efficiency. 
A Lens-Block-Lens design was generated using Mathematica.  It is known from 
effective medium theory that the effective index for a TE mode in this structure would be  
P P 
Q 
N 
W 
n1 n1 n2 
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𝑛𝑒𝑓𝑓
2 (𝑦) =
𝑛1
2 (2√𝑅2 − 𝑦2 − 2√𝑅2 − (
𝑊
2 )
2
+ 𝑁𝑄)
𝑃(𝑁 + 1)
+
𝑛2
2 (𝑃(𝑁 + 1) − 𝑁𝑄 − 2√𝑅2 − 𝑦2 + 2√𝑅2 − (
𝑊
2 )
2
)
𝑃(𝑁 + 1)
 
where N is the number of blocks between lenses and Q is the thickness of the blocks.  
Note that it is assumed that the blocks are the same index as the lenses, though this isn’t a 
necessary constraint. 
 To test the Lens Block Lens train geometry, a structure was designed for a 4 μm 
beam, for more information see Appendix 1.  A 2 μm beam, a 4 μm beam, and an 8 μm 
beam were propagated down this structure.  The results from these tests showed that the 
Lens Block Lens train does behave like the Parabolic lens train discussed previously.  
The wavelength response of this system was then tested, as it was believed this would be 
the key difference between the devices.  The transmission vs wavelength plots were 
generated for both the Lens train and the Lens Block Lens train and they are shown in 
Figure 12. 
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Figure 12:  Transmission spectra for both the Lens train and the Lens Block Lens train generated using 
Lumerical’s port objects.  The wavelength selectivity of the Lens Block Lens train is apparent.  Note that 
these plots were scaled to have a maximum value of 1 due to simulation errors causing the Lens Block Lens 
train to have transmission values over 1 and the Lens train to have about 90% transmission, much less than 
measured in previous tests.  
From this test it is seen that the lens train has negligible frequency dependence.  
Should a significantly different frequency of light be used, this design would become 
frequency dependent, as the required lens strength is a function of the frequency, as is 
effective medium theory.  This response is not seen here due to the narrow wavelength 
band tested; the largest wavelength that will experience Bragg reflection is about 1 μm.  
The Lens Block Lens train design did, however, have a significant transmission 
frequency response.  The blocks between the lenses have the same effective index as the 
effective index at y=0 around the lenses.  This means that the effective indices are well 
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matched at y=0, but due to the parabolic effective index around the lenses, the index 
matching degrades as one inspects farther away from y=0.  This mismatch is enough to 
cause reflections to occur at every lens in the lens-block-lens train.  This causes the lenses 
to behave like a Bragg reflector.  This property is good to note as it might be useful; 
however, it is undesirable for this waveguide, thus this concept was not researched 
further. 
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Mode Converters 
 The final goal of this thesis was to develop a method of designing an arbitrary 2D 
GRIN profile that could be fabricated using lithography.  This GRIN profile is assumed 
to have been generated using split step propagation and phase retrieval [7], but any 
method that designs an index profile would work.  To accomplish this task, the GRIN 
profile must be converted from sampled index values to a geometric description of the 
lens train.  There are several of ways to perform this conversion, though it decided to 
convert a matrix of indicies into a matrix of lens thicknesses.  In this matter, any 2D 
index profile can be converted into a lens train. 
 To prove the validity of the idea, converters to convert gaussian beams with some 
beam waist W to tenth order supergaussian beams of the same beam waist W were 
designed.  An example image of the geometry implemented in Lumerical is shown in 
Figure 13.  Note that this is a subwavelength metamaterial composed of 1,000 individual 
lenses, not a continuous GRIN block. 
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Figure 13:  Shows a screenshot of a mode converter in Lumerical’s simulation environment.  This mode 
converter is for a 10 μm 10th order supergaussian beam converting to a 10 μm gaussian beam after 100 μm.  
It was designed to be made in silicon for a 1.5 μm beam with a glass cladding. 
The lens train was designed such that it would imitate a real silicon structure.  The 
index of the lenses was 3.47, which is the index of refraction of silicon for 1.5 μm light.  
The index for the cladding was set to 1.5, which is typical of glass and plastic.  The gaps 
between lenses was at minimum 50 nm, the current lithographic limit to resolution [2].  
Structures similar to the one shown were designed for beam sizes of 5 μm,10 μm, and 20 
μm, as well as for device lengths of 50 μm and 100 μm, see Appendix 2 for more details.  
The outputs from these converters can be seen in Figure 14.  The Strehl ratio and 
efficiency are given in Figure 14 as well.  As a note, the 50 μm long converter designed 
to convert a 20 μm beam required more lensing power than was available, causing the 
width of many of the lenses to smaller than expected, reducing the performance of the 
device.  This issue could possibly be corrected by decreasing the cladding index or 
allowing the gaps between lenses to be smaller than 50nm. 
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Figure 14:  These are the output electric field magnitude profiles of mode converters designed to convert 
from gaussians to 10th order supergaussians.  From left to right the beam waist increases from 5 μm to 10 
μm then to 20 μm.  The top row is the output from a 50 μm long converter and the bottom row is the output 
from a 100 μm long converter.  The ideal outputs are shown by dotted lines while the experimental outputs 
are shown by solid lines. The Strehl ratio is given for each of the output beams, as well as the efficiency.  
The efficiency is the percent of input power transmitted through the converter. 
As is shown by these output images, the converters can convert from a gaussian 
beam to a supergaussian beam with high Strehl ratio and efficiency, though there is some 
high spatial frequency noise in the output beam.  There are several possible sources of 
this noise such as the finite size of each lens, the small corners on each lens due to the 
lenses being under sampled in the transverse direction, or possibly due to slight 
simulation errors due to the discrete nature of Lumerical.  Approximately 95% of the 
power is received by the output.  We believe that most of the lost power is due to back 
reflections in the converter.  These back reflections are likely caused by lens thickness 
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variations in the propagation direction, as these back reflections were not present in the 
subwavelength waveguides.  The 100 μm long devices are about 1% more efficient than 
their 50 μm counterparts, supporting the idea that thickness variations cause the back 
reflection; as a shorter converter length forces the lens thickness to make the same 
gradient with fewer lenses. 
 Using this methodology, it is possible to generate any GRIN profile using 
subwavelength lens-like devices in Lumerical.  Unfortunately, generating these structures 
using modern lithographic techniques would be quite difficult.  The lens thickness 
variations on these mode converters have been on the order of nanometers for most of the 
lens train, and the order of microns near the edges of the transverse direction of the 
lenses.  This is due to the small index variation needed to focus the light properly near the 
center of the device, but large index variations are needed near the edges of the device to 
pull the long tails of the gaussian beam inward.  Decreasing index contrast, or increasing 
the cladding material’s index, allows for larger lens sag, but this decreases the transverse 
width of the lens, which distorts the output beam.  There is perhaps a design which would 
correctly perform the mode conversion and can be fabricated using modern lithographic 
means, but this has not been explored.  The Lens Block Lens train idea could also be 
extended to the mode converter design, but this was not explored. 
Another limit to this technique is that it is expected to break down in certain size 
regimes.  The method used to generate the GRIN profile was designed for paraxial 
beams, implying that beams with narrow waists relative to the wavelength will not 
propagate as expected through the structure.  As the device length gets shorter, the design 
should also start to fail due to the approximations used in the split step propagator and 
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phase retrieval system being invalidated, this problem could likely be solved by using a 
ray-based approach [6].  The ray-based approach is more accurate for short device 
lengths than the scalar wave-based approach used to generate the mode converters in this 
thesis.  This is because the effects of diffraction become negligible for shorter devices 
and the approximations used for the scalar wave-based approach start to break down, 
reducing the accuracy of scalar wave-based designs for short device lengths.  The limits 
to this design process have not been thoroughly explored, and there is still much to learn 
about them.  
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Conclusion 
We found a method of producing a 2D GRIN device using subwavelength lens 
like structures.  We started by testing a set of continuous GRIN structures designed to 
maintain the input beam profile.  These devices were found to perfectly confine and 
propagate the input beams.  We then converted these 2D GRIN structures into 
subwavelength lens trains.  These lens trains were designed to leverage effective medium 
theory to behave like a continuous GRIN device.  These devices were found to work just 
as well as the continuous structures, but complex index profiles were found to be difficult 
if not impossible to fabricate with current lithographic technology.  We introduced an 
idea for making the fabrication process easier.  We then showed that 2D GRIN mode 
converters could be made using these subwavelength lens trains as well.  These mode 
converters were tested and found to work remarkably well with an average Strehl ratio of 
0.997 and an average transmission of 94.8%.   
There are still many opportunities to learn more about these structures.  The Lens 
Block Lens train concept was introduced, but not thoroughly investigated as a method for 
increasing the sag of the lens trains.  This concept could be explored further as a potential 
method of fabricating more complex lens trains like the Bat Ears train.  The mode 
converter design process was also introduced in this thesis, but the limitations to these 
devices were not explored.  Neither a lower bound for the device length nor a lower 
bound for the device width where the converter stopped functioning well were found in 
this thesis, though these limitations were not sought after.  Other designs that would make 
these converters easier to fabricate were also not explored.  
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Appendix 1:  Subwavelength GRIN Guides 
The Parabolic lens train system was designed for a lens index n1 of 1.6, a cladding 
index n2 of 1, a beam waist of 4 μm, 1.5 μm light, a background index of 1.5, and a lens 
period of 0.3 μm.  This was implemented in Lumerical, and the results showed that the 
gaussian beam shape was well maintained as it propagated through the structure.  The 
next experiment designed to test how beams of different waist sizes would propagate 
through the GRIN optic was performed with this same lens train. 
The parameters were reworked for a lens train with lens period of 0.5 μm.  We 
wanted to perform this test to verify that this geometry would result in a large amount of 
back-reflection, as the effective wavelength of 1 μm was twice the lens period, this train 
should be in the Bragg regime, and should experience significant back-reflection.  The 
experiment was successful, as Lumerical predicted that this geometry would produce a 
trail of light as it propagated through the structure.  This trail of light is exactly what is 
predicted for the case of Bragg Reflection, and it is caused by the light constantly getting 
reflected and all these reflections interfering constructively.  
 We next generated a Bat Ears lens train with low index contrast between the 
lenses and the cladding.  This was done to increase the sag of the lenses, making them 
easier to fabricate.  It was found that this low index contrast ruined the performance of 
the lens train as the lens width was reduced too far by the raised cladding index.  To 
generate good results with Lumerical, we decided to test how we could maximize the lens 
sag while maintaining a good Strehl ratio after 200 lenses with period of 0.3 μm.  
Numerous Bat Ears lens train geometries were generated with the goal of having a Strehl 
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ratio of 1 at the output of the two hundredth lens, but also using the smallest index 
contrast to get the largest lens sag.  The lens index was picked to ensure a minimum of a 
50nm gap between lens faces, and the cladding’s index was varied to locate the optimal 
solution.  The background index was 1.5, the lenses were 0.3 μm apart, and the train was 
designed for a supergaussian beam with M=10, W=10 μm, and wavelength of 1.5 μm.  
From these tests, it was found that to maintain a Strehl ratio of 1 after 200 lenses in the 
system described, the cladding index should remain less than 1.43.  This bound to the 
cladding index would likely vary for different starting parameters but is a good reference 
for future tests.   
 To prove that the Bat Ears train was designed properly, a simple test was 
performed where a train was designed for a 10 μm beam waist, and a few different beams 
were propagated through the device.  For this test, the Bat Ears train designed previously 
was used, so the train was designed for a 1.5 μm supergaussian beam with M=10 and 
W=10, a lens index of 1.52, a cladding index of 1.43, a target background index of 1.5, a 
lens period of 0.3 μm, and a total of 200 lenses. 
The equation given for designing a Lens Block Lens train can be solved alongside 
either the parabolic index equation for a gaussian or the supergaussian index profile for 
M=2 to give parameters for designing the train in Lumerical.  We used a cladding index 
n2=1, a lens index n1=1.5, a grating period P=0.3 μm, a block thickness Q=0.1 μm, a free 
space wavelength lambda=1.5 μm, a background index no=1.5, the number of blocks 
between lenses N=19, and a beam waist wo=4 μm for our tests.  This geometry has the 
potential to fix the lens sag problem but has not been thoroughly tested.  
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Appendix 2:  Mode Converters 
The period between lenses in Figure 13 is 0.1 μm.  This small period was 
required, as these converters were designed with a background index of 2.67, a lens index 
of 3.47, and a cladding index of 1.5 such that the lens train represents a real silicon 
structure.  The background index was chosen such that the smallest gap between lenses 
was 50nm, the limit on lithographic resolution, but this large background index reduced 
the effective wavelength of the light down to about 0.56 μm, forcing a shorter lens period 
to maintain effective medium theory requirements.  A period of 0.1 μm was chosen to 
minimize the effects of Bragg reflection expected to occur at a period larger than about 
0.15 μm.. Similar structures were designed for beam sizes of 5 μm,10 μm, and 20 μm, as 
well as for device lengths of 50 μm and 100 μm.  These converters were used to generate 
the results shown in Figure 14. 
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Appendix 3:  Lumerical 
For validation of our ideas, we decided to perform simulations in a finite 
difference time domain electromagnetic simulation software named Lumerical.  
Lumerical gives a lot of control over the simulation, such as how the mesh is defined, the 
objects in the simulation, the sources in the simulation, and the outputs recorded.  This 
makes it very useful for simulating subwavelength GRIN structures, especially optical 
mode converters of this type.   
This appendix is intended to explain a bit more about how Lumerical works and 
how we used Lumerical to generate the structures and results we needed. 
Continuous GRIN Blocks 
Continuous GRIN profiles are easy to implement in Lumerical.  There are several 
different object shapes in Lumerical, though we only used rectangular prisms for the 
continuous GRIN blocks in our simulations.  These objects can have their index set to a 
single value; they can be a material, which references a database of material properties 
for different frequencies and temperatures, or the index can be set to an equation as a 
function of x, y, and z.  We used equations to define our continuous GRIN blocks. 
Custom Sources 
Lumerical comes with a few built in sources such as gaussian beams, dipoles, 
plane waves and mode sources.  Lumerical can also generate custom sources via scripting 
or importing.  In practice, any source can be made in Lumerical, as one has complete 
control over the E and H fields along the x, y, and z directions in a custom source through 
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scripting.  In our case, we used a Lumerical script to generate supergaussian beams with 
all the E field in the z direction and no starting H field for testing our Bat Ears index 
profiles. 
Subwavelength Structures 
There are several ways to generate subwavelength structures in Lumerical.  There 
exists an array function which can make a periodic structure relatively fast; but for 
repeated testing, scripting should be used to generate subwavelength trains.  To easily 
generate these structures, we augmented the code from a prebuilt object in Lumerical 
called a grating coupler, which can be found from the components tab on the ribbon.  
This structure is a train of rectangular prisms on a substrate, which is very similar to the 
lens trains we designed.  We edited the script used to generate the structure to generate 
custom objects rather than rectangular prisms, then set the equations for the faces of the 
object to match an equation generated in Mathematica.  This code is accessed through the 
structure object, but nearly identical code can be used in a Lumerical script file, which 
allows for less menu hopping. 
Reducing the amount of menu hopping needed to perform actions in Lumerical is 
of key importance with subwavelength structures.  There are hundreds of individual 
lenses with complicated features in each structure, which causes severe rendering lag.  
This problem is best solved by using fewer lenses in the grating, performing all actions 
through Lumerical’s script files, or disabling the lens trains when performing tests.  
Disabling the lens trains allows the user to work in Lumerical much easier when the 
devices are being designed initially.  The lens train must be reenabled before a simulation 
starts though, otherwise Lumerical will ignore the lens train completely. 
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Ports 
Ports are objects which can be placed at inputs and outputs of a device which can 
be used to find the wavelength response of devices; we used ports to generate the 
transmission vs frequency spectra in Figure 12.  The biggest issue with using ports is that 
the ports must perform their tests using a source that they generate.  Using outside 
sources ruins the results from the ports.  The ports generate sources using fundamental 
mode analysis, so only the fundamental modes of the index profile at the location of the 
port can be used as inputs to the system.  Our simulations were performed in 2D on the x 
and y plane, where x is the direction of propagation for the light.  The effective index of 
our subwavelength trains varied only in y, but the actual index of refraction varied in both 
x and y.  The port can only view the index of refraction in a line parallel to the y axis.  
Because of this, it views the index profile as uniform if the port is located outside of a 
lens; or as a slab waveguide if the port is located within a lens.  The fundamental mode of 
a slab waveguide is not the same as the fundamental mode for a Parabolic lens train, so 
the port would not be able to generate the correct source profile for the structure.  This 
means that for the Parabolic lens train, we must put the first port object inside a small 
continuous GRIN block such that the port generates the correct mode to propagate 
through the lens train. 
Meshing 
In Lumerical, the mesh is a structure that is used to perform the calculations of 
how light behaves in a system.  Lumerical divides up the simulation region up into a 
discrete grid to perform the simulation.  This grid is defined by the mesh. 
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There are a number of different ways to approach meshing in Lumerical.  The 
user can place mesh override regions with uniform meshing structure.  This means that 
the dx, dy, and dz between meshing points are constant, though not necessarily equal.  
These mesh override regions are good for meshing regions which need very high mesh 
density, but mesh override regions aren’t strictly needed for a simulation.  Lumerical 
automatically generates a mesh itself.  There are 3 options for Lumerical’s auto generated 
mesh.  The uniform mesh behaves the same as a mesh object, where dx, dy, and dz are 
uniform across the whole simulation region, though not necessarily equal.  The auto non-
uniform mesh generates a mesh that is not uniform using one of many methods.  The 
generation of these meshes can be quite complex, but this is the method that was used for 
this thesis.  The final method is to use a custom non-uniform mesh, which behaves rather 
like the auto non-uniform but with extra options for the user.  A general rule of thumb for 
making a mesh is to have the mesh be twice as fine as the smallest feature in a 
simulation. 
How Lumerical generates the final mesh structure is quite a complicated process.  
The first rule to know is that Lumerical will always override the default mesh with a 
mesh override region’s mesh.  This means that for complex structures where Lumerical’s 
default mesh may not be fine enough, the override mesh should be used.  Something to 
note is that if Lumerical’s default mesh is set to uniform and there is an override mesh 
region in the simulation, the override will not just override the region it is in, but the 
whole simulation’s mesh.  This is done to maintain uniformity in the total mesh.   
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PML Reflections 
The way Lumerical deals with boundary conditions is a complicated matter, but a 
very important one to understand for generating good results.  For a dielectric waveguide 
like the one discussed here, one should use a PML, or perfectly matched layer, boundary 
condition.  PML boundary conditions are used to remove light leaving the simulation 
region, reducing the reflection of the wave to zero.  This is done by adding layers of PML 
to the edge of the simulation region.  The first layer of PML is designated by the 
innermost orange rectangle in the simulation window.  The outermost layer of the PML is 
designated by the outermost orange rectangle in the simulation window.  The space 
between these rectangles is filled in with orange to signify that this is the PML region.  
There are a few different types of PML, the ones used in this thesis were the standard and 
the stabilized.  The standard PML should be used in most scenarios, but if the structure 
continues outside the PML, then the stabilized PML should be used.  The stabilized PML 
has many more layers than the standard PML does and thus increases the simulation time.  
Something else to note is that if the structure does extend into the PML, then the structure 
should extend all the way through to outside the largest orange rectangle.  This is done to 
maximize the effectiveness of the stabilized PML layers. 
One final note about PML layers is that they do not seem to function well with 
subwavelength lens trains.  The PML layers attempt to index match the material in the 
simulation region to remove reflections, but for our lens train experiments, we were 
unable to prevent reflections from the PML layer.  This is likely due to the PML layers 
being unable to match the effective index of the lens train.  To generate results without 
reflections off the back surface of the PML, we extended our subwavelength structures to 
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be longer than necessary, then ended the simulation using the simulation timer before the 
backpropagating beam could pass over our output monitor. 
Mode Converter 
To generate the mode converter, a matrix representing a GRIN profile was 
imported into MATLAB.  This matrix was then was converted into a matrix of lens 
thicknesses.  Each column of the matrix, except the first column, represented a lens, and 
each entry in that column was the lens thickness at a point along the transverse direction.  
The first column in the matrix contained the transverse sample points for each entry such 
that the transverse size of the lens train would remain the same between Lumerical and 
MATLAB.  This matrix is then saved as a .txt file, and Lumerical read it using a script 
file.  This script converts each column of the matrix into a set of coordinates, which are 
then set as vertices for a polygon object in Lumerical. 
The process for generating the effective index of discretely sampled GRIN was 
straightforward in concept, though convoluted in implementation.  The discrete GRIN 
was first up sampled using bilinear interpolation to allow a whole number of matrix 
elements to be combined into a single lens.  This up sampling was performed on the 
permittivity profile rather than the GRIN profile to maintain accuracy.  The up sampled 
permittivity profile was then divided into subsets of columns, one subset per lens, and the 
columns of these subsets were averaged to find the effective medium permittivity at each 
transverse location for each lens.  The effective permittivity profiles were then used with 
the equation for the effective medium of a TE wave to calculate the lens thickness 
required to generate the correct effective index given a lens index and a cladding index.  
This was then compiled into a matrix and sent to Lumerical to generate lenses.  The 
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lenses were generated in Lumerical by using the lens thicknesses to generate vertices for 
a polygon object.  This polygon object was assumed to be a good approximation for a 
smooth surface for enough samples in the transverse direction of the lenses, though this 
may be the cause of the high frequency noise seen in our mode converter output profiles.  
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